The Severe Acute Respiratory Syndrome-Coronavirus (SARS-CoV) is a newly evolved coronavirus and is ascertained to be the etiological agent of the global atypical pneumonia pandemic in 2003. The SARS-CoV genome carries genes for the replicase enzymes, structural proteins, and several putative open reading frames (ORFs) with poorly defined functions [@bib1], [@bib2]. The *3a* locus (also known as X1 [@bib2], ORF3 [@bib1], and U274 [@bib3]) is unique to SARS-CoV and encodes a 274 a.a. novel protein. The 3a protein lacks sequence homology to any known proteins, but is predicted to carry three transmembrane domains and a C-terminal calcium-binding region [@bib3], [@bib4], [@bib5], [@bib6]. The detection of 3a protein [@bib5] and 3a-specific IgG antibodies [@bib6], [@bib7], [@bib8], [@bib9] in SARS patients confirmed the cellular expression of 3a in SARS-CoV-infected cells and patients. The 3a protein localized preferentially on the Golgi apparatus in both transfected [@bib5], [@bib10] and SARS-CoV-infected cells [@bib5]. In addition, 3a was also detected on the plasma membrane [@bib3], [@bib11]. Recent findings revealed that 3a interacted physically with other SARS-CoV structural proteins, including spike (S), membrane, and envelope [@bib3], [@bib6], and was also detected in newly packaged matured SARS-CoV virions [@bib11], [@bib12]. These findings would therefore imply that 3a functions as both a viral regulatory protein in infected cells and a structural protein in matured viral particles.

Many cellular proteins possess tyrosine-based YXXΦ motifs, which are sorting signals for internalization of proteins via endocytosis from the cell surface [@bib13]. A functional YXXΦ signal has been identified in the porcine coronavirus but not SARS-CoV S protein [@bib14]. On the other hand, 3a carries an analogous YXXΦ motif (160--163 a.a.) and it has also been reported to mediate protein internalization in cultured cells [@bib3]. Because of the physical interaction between S and 3a [@bib6], and the absence of an YXXΦ motif in the SARS-CoV S protein, it has therefore been hypothesized that one intracellular role of 3a is to modulate intracellular trafficking of S in SARS-CoV-infected cells [@bib15].

*Drosophila* has been used to study the molecular functions of various viral gene products [@bib16], [@bib17], [@bib18]. For example, the HIV-1 Tat protein was first found to interact with tubulin in *Drosophila* [@bib16] and such interaction has subsequently been demonstrated in mammalian cells [@bib19]. Therefore, *Drosophila* would be a feasible model to define intracellular regulatory actions of individual viral gene products [@bib20]. Here, we established and characterized a *3a* transgenic fly model to elucidate the cellular regulatory actions of SARS-CoV *3a* locus in vivo. In brief, *3a* misexpression caused a dominant rough eye phenotype, and we showed that genes which mediate clathrin-dependent endocytosis dominantly suppressed the *3a*-induced rough eye phenotype. Furthermore, *3a* misexpression caused apoptosis. From a forward genetic screen, we further found that *3a* interacts genetically with genes that are involved in multiple cellular processes including gene transcription. In summary, our findings not only provide clues on the intracellular functions of *3a*, but also demonstrate the feasibility of transgenic fly models in the studies of SARS-CoV *3a* and other viral gene functions.

Materials and methods {#section.0010}
=====================

*Drosophila genetics*. Fly strains were grown at 29 °C on standard cornmeal medium supplemented with dry yeast. The following fly lines were used in this study: *gmr*-*GAL4*; *34B*-*GAL4*; *UAS*-*DIAP1*; *UAS*-*emc* (a kind gift of J. de Celis); *UAS*-*GFP*-*lacZ*; *UAS*-*HSPA1L*; *UAS*-*P35*; *UAS*-*reaper*; *gmr*-*reaper*; *Csp* ^*R1*^ (a kind gift of K. Zinsmaier); *CtBP* ^*87De*-*10*^; *dc3* ^*EP2305*^; *Eps15* ^*EP2513*^; *lwr* ^*02858*^ (Bloomington *Drosophila* Stock Center); *Nedd4* ^*EY00500*^; *Su*(*H*)^*EY07695*^ (Bloomington *Drosophila* Stock Center); the Exelixis and DrosDel deficiency collections.

*Generation of 3a transgenic lines*. The *3a* ORF was PCR amplified from viral cDNA to generate *pUAST*-*3a* and *pUAST*-*EGFP*-*3a* plasmids. The *UAS*-*3a* transgene produces a full-length non-tagged 3a protein, whereas the *UAS*-*EGFP*-*3a* transgene produces a full-length 3a protein with EGFP fused to its N-terminus. *UAS*-*EGFP*-*3a* ^*E0*^ and *UAS*-*3a* ^*F1*^ were selected for detailed analysis.

*Genetic screen*. We screened a total of 574 overlapping deletion lines to identify genomic regions that would modify the *EGFP*-*3a*-induced rough eye phenotype ([Fig. 1](#fig1){ref-type="fig"} B) when present in only one copy. Five hundred and one of the deletion lines are from the Exelixis collection, and 73 are from the DrosDel collection. A total of 93 deletion lines representing 24 genomic regions showed reproducible modification of the *EGFP*-*3a* phenotype.Fig. 1Misexpression of the SARS-CoV *3a* gene in *Drosophila*. (A,B) Misexpression of the SARS-CoV *3a* gene caused external eye disruption in adult *Drosophila*. Misexpression of the control *EGFP* transgene (A) showed normal external eye morphology, whereas misexpression of the SARS-CoV *EGFP*-*3a* transgene (B) caused a rough eye phenotype as characterized by loss of regularity of the external eye structure. (C--G) Subcellular localization of the EGFP-3a fusion protein in *Drosophila*. Misexpression of the EGFP control protein showed homogeneous intracellular green fluorescence signals in both third instar eye imaginal disc (C) and salivary gland (E) cells. A distinct punctate cytoplasmic expression pattern of the EGFP-3a fusion protein was observed in both eye imaginal disc (D) and salivary gland cells (F). (G) Location of salivary gland cell nuclei of (F). Propidium iodide (PI) was used to stain cell nuclei in eye imaginal disc cells (C,D).

*Semi-quantitative RT-PCRs*. Total RNA was prepared using Trizol reagent (Invitrogen). Primers used were dc3F: 5′ ATG GT TCT GGT GAT GCA 3′; dc3R: 5′ CTA CTT GTT TGA CTT GAG 3′; dc4F: 5′ ATG GGC GTT CCT GCT GGT 3′; dc4R: 5′ TTA CTT GT CGC CGA CTT 3′; emcF: 5′ TTC CGT TCA TGC CCA AGA ACA GGA 3′; emcR: 5′ GTT GGA CAG TTG CTG CTG TGA TTG 3′; GAPDHF: 5′ ACC GTC GAC GGT CCC TCT 3′; and GAPDHR: 5′ GTG TAG CCC AGG ATT CCC T 3′.

*3a monoclonal antibodies*. In brief, BALB/c mice were immunized intraperitoneally (i.p.) with 100 μg of the KLH-conjugated 3a peptide in complete Freund's adjuvant (Sigma--Aldrich), followed by monthly i.p. boosts using the same amount of antigen in incomplete Freund's adjuvant (Sigma--Aldrich). Preliminary screening of serum antibody activity and hybridoma fusion clones was determined by ELISA.

*Western blot analysis*. Primary antibodies used were anti-3a MAb X98 (1:40; this study), anti-cytochrome c clone 7H8.2C12 (1:500, Pharmingen), anti-Csp (1:50), and anti-β-tubulin E7 (1:2000; Developmental Studies Hybridoma Bank, Iowa City, IA, with funding from the NICHD).

*Acridine orange staining and immunofluorescence*. Acridine orange staining was performed as previously described [@bib21]. Antibodies used for immunofluorescence include anti-3a MAbs X98 (1:20), anti-denatured cytochrome *c* clone 7H8.2C12 (1:200, Pharmingen), and anti-native cytochrome *c* clone 6H2.B2 (1:100; Pharmingen). Propidium iodide (PI) was used to label cell nuclei (Molecular Probes). Slides coated with both SARS-CoV-infected cells and non-infected cells were purchased from Euroimmun.

Results {#section.0015}
=======

To investigate *3a* function in vivo, the *3a* gene of the CUHK-W1 SARS-CoV isolate (AY278554) was used to generate *pUAST*-*EGFP*-*3a* and *pUAST*-*3a* constructs. When either *EGFP*- or non-tagged *3a* transgene was misexpressed in the *Drosophila* eye, a rough eye phenotype was observed ([Fig. 1](#fig1){ref-type="fig"}B and [supplementary Fig. 2B](#app1){ref-type="sec"}). When misexpressed in the third instar larval eye imaginal disc and salivary gland cells, both EGFP-3a and non-tagged 3a proteins showed similar punctate cytoplasmic localizations ([Figs. 1](#fig1){ref-type="fig"}D and F, and [supplementary Fig. 2D](#app1){ref-type="sec"}) as in SARS-CoV-infected cells ([supplementary Fig. 1C](#app1){ref-type="sec"}). Since both *EGFP*-*3a* and *3a* transgenes showed comparable rough eye phenotype ([Fig. 1](#fig1){ref-type="fig"}B and [supplementary Fig. 2B](#app1){ref-type="sec"}), *EGFP*-*3a* was mainly used in subsequent analyses.

Endocytosis and 3a function {#section.0020}
---------------------------

A YXXΦ motif for rapid protein internalization has been identified in 3a [@bib3], and similar sequences are also found in many cellular proteins, for example, the human transferrin receptor (TfR, [@bib13]). It has been shown that internalization of TfR requires Eps15, an endocytic protein involved in clathrin-mediated endocytosis. When *EGFP*-*3a* was misexpressed in an *Eps15* mutant background [@bib22], a dominant suppression of the *EGFP*-*3a*-induced rough eye phenotype was observed ([Fig. 2](#fig2){ref-type="fig"} C). Nedd4 is an E3 ubiquitin ligase and is able to monoubiquitinate Eps15 for its endocytic function [@bib23]. We further found that a *P*-element insertion (*Nedd4* ^*EY00500*^) in the *Nedd4* gene also dominantly suppressed the *EGFP*-*3a*-induced rough eye phenotype ([Fig. 2](#fig2){ref-type="fig"}D). Our data support previous findings that *3a* is involved in protein trafficking [@bib15], and our results highlight the involvement of clathrin-dependent endocytosis in *3a* function.Fig. 2Genes involved in endocytosis are related to the *EGFP*-*3a*-induced rough eye phenotype. Unlike the *gmr-GAL4* control (A), *EGFP*-*3a* misexpression resulted in a rough eye phenotype (B). A mutant allele of the endocytic gene *Eps15* (*Eps15*^*EP2513*^) dominantly suppressed the *EGFP*-*3a*-induced rough eye phenotype (C). Nedd4 monoubiquitinates Eps15 and such modification is essential for *Eps15* function. A *P*-element insert line in the *Nedd4* locus (*Nedd4*^*EY00500*^) showed dominant suppression of the *EGFP*-*3a* phenotype (D).

Misexpression of SARS 3a induces apoptosis in vivo {#section.0025}
--------------------------------------------------

Apoptosis has been reported in SARS-CoV-infected cells [@bib24], [@bib25], [@bib26], [@bib27]. We therefore investigated whether the *3a*-induced rough eye phenotype ([Fig. 1](#fig1){ref-type="fig"}B and [supplementary Fig. 2B](#app1){ref-type="sec"}) was related to apoptotic cell death in flies. We performed acridine orange (AO) staining in third instar larval eye imaginal discs ([Figs. 3](#fig3){ref-type="fig"} G--M) and observed increased numbers of AO-positive apoptotic cells in *EGFP*-*3a*-expressing eye discs ([Fig. 3](#fig3){ref-type="fig"}J). Consistently, eye discs misexpressed with the non-tagged *3a* also showed increased numbers of AO-positive cells ([supplementary Fig. 2F](#app1){ref-type="sec"}). When *EGFP*-*3a* was coexpressed with anti-apoptotic genes such as the caspase inhibitor *P*35, and the *Drosophila inhibitor of apoptosis 1* (*DIAP1*), the rough eye phenotype was mostly suppressed ([Figs. 3](#fig3){ref-type="fig"}E and F). In addition, the number of AO-positive cells was also largely reduced when *P*35 or *DIAP1* was coexpressed with *EGFP*-*3a* ([Figs. 3](#fig3){ref-type="fig"}K and L). Our data therefore confirmed that the SARS-CoV *3a* gene is pro-apoptotic and its action can be counteracted by anti-apoptotic factors.Fig. 3Apoptotic pathway is related to the *EGFP*-*3a*-induced rough eye phenotype. (A--F) Overexpression of anti-apoptotic genes suppresses the *EGFP*-*3a*-induced rough eye phenotype. *gmr-GAL4* alone (A) and misexpression of EGFP-lacZ fusion protein by *gmr-GAL*4 (B) showed no external eye deformation. Overexpression of the pro-apoptotic gene *reaper* caused a rough eye phenotype and reduction in eye size (C). The *EGFP*-*3a*-induced rough eye phenotype (D) was suppressed when coexpressed with either *P*35 (E) or *DIAP1* (F). (G--M) Coexpression of anti-apoptotic genes reduces the number of apoptotic cells in third instar larval eye discs. Comparable numbers of acridine orange-positive apoptotic cells were observed in *gmr-GAL4* control eye discs (G) and discs misexpressed with a GFP-lacZ fusion protein (H). Expression of both *reaper* (I) and *EGFP*-*3a* (J) showed increased number of acridine orange-positive cells in eye discs. The *EGFP*-*3a*-induced apoptosis was suppressed by coexpression of baculoviral anti-apoptotic genes *P35* (K), *DIAP1* (L); and *cytochrome c dc3* (M). Arrows indicate the location of the morphological furrows.

A genetic screen to define 3a functions in vivo {#section.0030}
-----------------------------------------------

To further investigate the intracellular regulatory functions of *3a* in vivo, we initiated a forward genetic screen to identify genes that would modify the *EGFP*-*3a*-induced rough eye phenotype ([Fig. 1](#fig1){ref-type="fig"}B). Based on overlapping chromosomal deletions, 24 genomic regions were isolated (see experimental procedures). By crossing all mutant lines available at the Bloomington *Drosophila* Stock Center that fall into these 24 modifying genomic regions to *EGFP*-*3a* flies, 78 individual genes (represented by 99 mutant lines) showed reproducible modification of the *EGFP*-*3a*-induced rough eye phenotype. Forty-six of these modifier genes (∼59%) have human orthologues and are also expressed in the human lung (<http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene>). Based on their cellular functions, most of the *EGFP*-*3a* modifiers were classified into 5 categories including electron transport, gene transcription, protein posttranslational modification, calcium-binding, and nucleic acid-binding. Nineteen modifying loci are discussed here ([Table 1](#tbl1){ref-type="table"} ).Table 119 loci that dominantly modify the *EGFP*-*3a*-induced rough eye phenotypeCategoryGeneAlleleModification (Strength)[a](#tblfn1){ref-type="table-fn"}Molecular function[b](#tblfn2){ref-type="table-fn"}Human homologue[b](#tblfn2){ref-type="table-fn"}Human lung expression[c](#tblfn3){ref-type="table-fn"}Electron transportCyt-c-d (dc3)*Cyt-c-d*^*EP2305*^Su(+)Electron transporter activity; oxidoreductase activity; electron transporter, transferring electrons from CoQH2-cytochrome *c* reductase complex and cytochrome *c* oxidase complex activityCytochrome *c*, somatic (CYCS)YesCalcium-bindingCalpB*EP(3)875*Su(++)Calmodulin binding; calpain activity; calcium ion bindingCalpain 9 (CAN9)YesCsp*EP(3)659*Su(+)ATPase activity, coupledDnaJ (Hsp40) homolog, subfamily C, member5 (DNAJC5)Yes*EP(3)3141*Su(+)Past1*Past1*^*EY01852*^E(−)Calmodulin binding; calcium ion bindingEH-domain containing 1 (EHD1)YesProtein post-translational modificationlwr*lwr*^*02858*^Su(+)SUMO conjugating enzyme activity; ligase activity; protein binding; ubiquitin conjugating enzyme activityUbc9YesNedd4*Nedd4*^*EY00500*^Su(+)Ubiquitin--protein ligase activityNeural precursor cell expressed, developmentally down-regulated 4-like (NEDD4L)YesGene transcriptionCG12313*EP(3)3367*Su(++)---Carboxyl-terminal domain, RNA polymerase II, polypeptide A small phosphatase 1 (CTDSP1)YesCG6994*EP(3)691*Su(++)Transcription factor activity------emc*emc*^\[*D*\]^NMTranscription corepressor activityInhibitor of DNA bindingYes*emc*^*03620*^Su(++)CtBPProtein C-terminus binding; transcription corepressor activityC-terminal-binding protein 2 (CTBP2)Yes*CtBP*^*EP3352*^Su (+)Nucleic acid bindingCG16940*CG16940*^*KG02284*^E(−)Nucleic acid binding; exoribonuclease activity------CG9705*CG9705*^*KG07795*^E(−)RNA binding; nucleic acid bindingCalcium regulated heat stable protein 1, 24 kDa (CARHSP1)YesAats-ile*Aats-ile*^*00827*^Su(+)RNA binding; isoleucine-tRNA ligase activityIsoleucine-tRNA synthetase (IARS)Yesdanr*P{GT1*}*BG01545*E(−)DNA binding------dan*EP(3)798*Su(++)DNA binding------Unknown functionsCG16971*CG16971*^*EP3581*^Su(++)---------l(3)L3809*l(3)L3809*^*L3809*^Su(++)---------CG10252*PsEY02072*Su(++)---------CG10365*CG10365*^*KG00107*^E(−)---Hypothetical protein MGC4504Yes[^1][^2][^3]

Cytochrome *c* dominantly modifies 3a-induced rough eye phenotype {#section.0035}
-----------------------------------------------------------------

One of the *3a* modifiers identified from our screen is *cytochrome c* ([Fig. 4](#fig4){ref-type="fig"} C). In *Drosophila*, there are 2 *cytochrome c* genes (*dc3* and *dc4*) and they are both located at the 36A10-B3 region ([Fig. 4](#fig4){ref-type="fig"}E). A deletion line *Df(2L)Exel6039*, which uncovers this region, dominantly enhanced the *EGFP*-*3a*-induced rough eye phenotype ([Fig. 4](#fig4){ref-type="fig"}C). We further showed that cytochrome c protein levels were significantly reduced in this deletion line ([Fig. 4](#fig4){ref-type="fig"}F). Conversely, overexpression of the endogenous *dc3* gene ([Figs. 4](#fig4){ref-type="fig"}G and H), by means of an EP insert line *dc3* ^*EP2305*^, dominantly suppressed the *EGFP*-*3a* phenotype ([Fig. 4](#fig4){ref-type="fig"}D). Our data therefore suggest that the severity of the *EGFP*-*3a*-induced rough eye phenotype correlates with cellular cytochrome c levels. In support of this, a reduction in the number of AO-positive cells was observed when *EGFP*-*3a* was coexpressed with *dc3* ^*EP2305*^ ([Fig. 3](#fig3){ref-type="fig"}M). Further, we showed that *EGFP*-*3a* overexpression did not affect mRNA expression levels of both *dc3* and *dc4* genes ([Fig. 4](#fig4){ref-type="fig"}G).Fig. 4Cellular cytochrome c levels correlate with *EGFP*-*3a*-induced rough eye phenotype in *Drosophila*. Misexpression of *EGFP*-*3a*, but not *EGFP* (A), caused a rough eye phenotype (B). A chromosomal deletion *Df(2L)Exel6039* of the *cytochrome c* gene region enhanced the *EGFP*-*3a* phenotype (C). In contrast, a *P*-element insert line, *dc3*^*EP2305*^, in the *dc3* locus suppressed (D) the *EGFP*-*3a*-induced rough eye phenotype. (E) Genomic structure of *cytochrome c* genes in *Drosophila* shows that a *P*-element insert line, *EP2305*, is located in the 5′ untranslated region of the *dc3* locus. (F) Western blot analysis showed a significant reduction of cytochrome c protein levels in the deletion line, *Df(2L)Exel6039*. (G) RT-PCR analysis showed overexpression of the *dc3* gene in the *P*-element insert line, *dc3*^*EP2305*^. (H) Immunofluorescence of cytochrome c protein in salivary gland cells. Overexpressed cytochrome c protein, via *dc3*^*EP2305*^, was only detected by antibodies that recognize the denatured, but not native, cytochrome c.

Transcriptional dysregulation in *3a* flies {#section.0040}
-------------------------------------------

The C-terminal-binding-protein (CtBP) is a transcriptional corepressor protein. From our screen, we found that a chromosome deletion line (87D8-10) and a mutant allele of *CtBP* [@bib28] both dominantly suppressed the *EGFP*-*3a* phenotype ([Figs. 5](#fig5){ref-type="fig"} C and D). It has been reported that CtBP undergoes SUMOylation and such protein posttranslational modification is mediated through an E2 ubiquitin conjugating enzyme, Ubc9 [@bib29]. Consistent with this view, we found that a mutant allele of the fly orthologue of *Ubc9*, *lesswright* (*lwr*), showed dominant suppression of the *EGFP*-*3a* phenotype ([Fig. 5](#fig5){ref-type="fig"}E). It has recently been reported that *CtBP* cooperates with another transcriptional repressor, *Suppressor of Hairless Su*(*H*), to determine cell fates in *Drosophila* [@bib30]. We further demonstrated that a mutant allele of *Su*(*H*) dominantly suppressed the *EGFP*-*3a* phenotype ([Fig. 5](#fig5){ref-type="fig"}F). Our data thus consolidate the genetic interaction of *3a* with cellular transcription machineries.Fig. 5*EGFP*-*3a* interacts with gene transcription regulatory machineries. Misexpression of the SARS-CoV *3a* gene disrupted the normal external eye structure (A; *gmr-GAL4*) and caused a rough eye phenotype in *Drosophila* (B). The *EGFP*-*3a*-induced rough eye phenotype was dominantly suppressed by a chromosome deletion *Df*(*3R*)*Exel8157* (C) which uncovers the 87D8-10 region, and by a null allele of *C-terminal-binding protein* (*CtBP*^*87De-10*^) (D). The *EGFP*-*3a*-induced rough eye phenotype was suppressed by the *Ubc9* mutant *lesswright* (*lwr*^*02858*^) which is an E2 enzyme that SUMOylates CtBP (E). A *P*-element allele of *Suppressor of hairless* (*Su*(*H*)^*EY07695*^), inserted in the 5′ untranslated region of *Su*(*H*), dominantly suppressed *EGFP*-*3a*-induced rough eye phenotype (F).

It has been shown that CtBP represses gene transcription of other transcription regulators, including the helix--loop--helix transcription regulator Id1 [@bib31]. The *extra macrochaetae* (*emc*) gene is the *Drosophila* orthologue of *Id1* [@bib32]. A chromosomal deletion (*Df*(*3L*)*Exel6086*) which uncovers the *emc* gene (the 61C9 region) dominantly suppressed the *EGFP*-*3a*-induced rough eye phenotype ([Fig. 6](#fig6){ref-type="fig"} B). Interestingly, we showed that *emc* mRNA expression level was reduced in *EGFP*-*3a* flies ([Fig. 6](#fig6){ref-type="fig"}D) and overexpression of *emc* suppressed the *EGFP*-*3a* phenotype ([Fig. 6](#fig6){ref-type="fig"}C). Our data therefore suggest that *3a* alters cellular gene transcription in vivo by interfering with transcriptional regulators including *emc*.Fig. 6*extra macrochaetae* dominantly modifies *EGFP*-*3a*-induced rough eye phenotype. Misexpression of *EGFP*-*3a* caused a rough eye phenotype (A). A chromosomal deletion *Df*(*3L*)*Exel6086* which uncovers the *extra macrochaetae* (*emc*) genomic region 61C9 (B), and an *UAS-emc* line (C) showed dominant suppression of the *EGFP*-*3a* phenotype. (D) RT-PCR analysis showed misexpression of *EGFP*-*3a* caused down-regulation of *emc* gene transcription.

Discussion {#section.0045}
==========

Expression of the SARS-CoV 3a protein has been detected both intracellularly in infected cells [@bib5], [@bib10] and in matured viral particles [@bib11], [@bib12]. This indicates that 3a is a viral protein which would bear both structural [@bib11], [@bib12] and intracellular regulatory [@bib3], [@bib15] functions. In this study, we established a *3a* transgenic fly model and investigated the intracellular regulatory roles of *3a* in vivo. Using monoclonal antibodies against specific 3a protein sequences, we observed comparable punctate cytoplasmic expression pattern of 3a in both *Drosophila* cells ([Fig. 1](#fig1){ref-type="fig"} and [supplementary Fig. 2](#app1){ref-type="sec"}) and SARS-CoV-infected Vero E6 cells ([supplementary Fig. 1](#app1){ref-type="sec"}). Similar to mammalian cells, the 3a protein was also demonstrated to undergo parallel biochemical modifications in insect cells and also became assembled into viral-like particles [@bib12]. Altogether, these data clearly illustrate the feasibility of the use of invertebrate insect model systems to investigate functional roles of *3a*.

3a and endocytosis {#section.0050}
------------------

The YXXΦ tetra-peptide motif is essential for the rapid internalization of proteins from the plasma membrane [@bib13]. The 3a protein possesses such conserved YXXΦ motif (160--163 a.a.) and has been shown to be able to mediate specific internalization of 3a-specific IgG molecules to the cell interior from the culture medium [@bib3]. Therefore, 3a has therefore been suggested to play some roles in protein trafficking in viral-infected cells [@bib3], [@bib15]. Here, we provided genetic evidence to support a trafficking role of 3a and further linked it to clathrin-mediated endocytosis ([Fig. 2](#fig2){ref-type="fig"}). Eps15 has been shown to play an important role in the endocytosis of TfR, a cellular YXXΦ-containing protein [@bib33]. Nedd4 is an E3 ubiquitin ligase and has also been implicated in endocytosis and virus budding [@bib34]. Nedd4 is able to monoubiquitinate Eps15 for its endocytic function [@bib23]. We showed that mutant alleles of both *Eps15* and *Nedd4* dominantly suppressed the *EGFP*-*3a* phenotype ([Fig. 2](#fig2){ref-type="fig"}). Our data therefore support that 3a is functionally related to clathrin-mediated endocytosis. Given the physical interaction between 3a and other viral proteins (the S protein in particular, [@bib6]), our results underscore the role of *3a* in the intracellular trafficking of SARS-CoV proteins during the viral life cycle. In humans, both Eps15 and Nedd4 are expressed in the human lung (<http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene>). This further highlights the functional relevance of these proteins to SARS-CoV pathogenesis.

3a is pro-apoptotic {#section.0055}
-------------------

We have recently shown that *3a* induces apoptotic cell death in Vero E6 cells [@bib35]. Here, we demonstrated the pro-apoptotic properties of *3a* in vivo in our transgenic model ([Fig. 3](#fig3){ref-type="fig"}). We further showed that *3a*-induced apoptosis can be suppressed by coexpression of anti-apoptotic genes including the inhibitor of apoptosis protein (IAP) *DIAP1* ([Figs. 3](#fig3){ref-type="fig"}F and L), and the caspase inhibitor *P35* ([Figs. 3](#fig3){ref-type="fig"}E and K). Interestingly, upregulation of gene expression of an IAP family protein, BIRC3, was also observed in SARS-CoV-infected cells [@bib36]. Consistent with our findings that overexpression of the caspase inhibitor *P35* suppressed the *EGFP*-*3a*-induced rough eye phenotype, caspase activation was also observed when *3a* was expressed in Vero E6 cells [@bib35].

Cytochrome c plays key roles in apoptosis via the mitochondrial pathway [@bib37]. Since cytochrome c is a potent *3a* modifier ([Fig. 3](#fig3){ref-type="fig"}), our data would suggest that *3a* induces apoptosis through the mitochondria. Suppression of the *EGFP*-*3a* phenotype was observed when cytochrome c was overexpressed ([Fig. 4](#fig4){ref-type="fig"}D). Interestingly, we could only detect the overexpressed cytochrome c protein in the *dc3* ^*EP2305*^ line with antibodies that recognize the denatured, but not native, cytochrome c proteins ([Fig. 4](#fig4){ref-type="fig"}H). This indicates that the overexpressed cytochrome c protein was not in its native conformation. It has previously been reported that overexpression of the non-native apocytochrome c (cytochrome c protein without the heme group) can block apoptosis in mammalian cells [@bib38]. We therefore reasoned that the *dc3* ^*EP2305*^ dominant suppression of the *EGFP*-*3a* phenotype is the result of the inhibition of apoptosis. Consistent with this view, we also observed reduced numbers of AO-positive apoptotic cells when *EGFP*-*3a* was coexpressed with *dc3* ^*EP2305*^ ([Fig. 3](#fig3){ref-type="fig"}M).

3a alters gene transcription {#section.0060}
----------------------------

We found that loss-of-function of *CtBP*, a transcriptional repressor, dominantly suppressed the *EGFP*-*3a*-induced rough eye phenotype ([Figs. 5](#fig5){ref-type="fig"}C and D). Similar to *CtBP*, we showed that two other transcriptional regulators *Su*(*H*) and *emc* also dominantly suppressed the *EGFP*-*3a* phenotype ([Fig. 5](#fig5){ref-type="fig"}, [Fig. 6](#fig6){ref-type="fig"}) Further, *CtBP* has been shown to repress transcription of an *emc* orthologue, *Id1*, in mammalian cells [@bib31]. It is therefore expected that the reduction of *CtBP* activity would lead to de-repression of *emc*. Consistent with this view, we observed suppression of the *EGFP*-*3a* phenotype when *emc* was overexpressed ([Fig. 6](#fig6){ref-type="fig"}C). We also observed that several EP lines (including *EP3620* and *EP0415*) that have been mapped upstream of the *emc* ORF were capable of suppressing the *EGFP*-*3a*-induced rough eye phenotype (data not shown).

We further showed that the mRNA expression level of *emc* was reduced in *EGFP*-*3a* flies ([Fig. 6](#fig6){ref-type="fig"}D). This further supports that *3a* alters gene transcription. Since *emc* is a transcriptional regulator, down-regulation of its expression would in turn affect the expression of downstream *emc*-responsive genes. It has also recently been shown that *3a* altered gene expression in cultured cells [@bib39]. Interestingly, transcriptional alteration of some of the *3a* modifiers identified in our study (e.g., *DIAP1* and *emc*) has also been detected in SARS-CoV-infected cells [@bib36], [@bib40]. However, we found that *3a* does not affect gene expression level of all *3a* modifiers. For example, we did not detect any alteration of *dc3* mRNA expression in *EGFP*-*3a* flies ([Fig. 4](#fig4){ref-type="fig"}G). This would suggest that *3a* is a multi-functional protein which affects multiple cellular processes.

In summary, we established and characterized a *Drosophila* transgenic model for the SARS-CoV *3a* gene. To investigate the intracellular roles of *3a*, we performed a genetic screen to isolate dominant *3a* modifier genes. Our data indicate that *3a* interacts genetically with multiple cellular machineries ([Table 1](#tbl1){ref-type="table"}). We further highlighted that *3a* is functionally related to clathrin-mediated endocytosis ([Fig. 2](#fig2){ref-type="fig"}) and its misexpression causes apoptosis ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}). Besides, *3a* also interacts genetically with various transcriptional regulators ([Fig. 5](#fig5){ref-type="fig"}) and it alters cellular transcription activity ([Fig. 6](#fig6){ref-type="fig"}). This is the first example illustrating the use of transgenic fly models to investigate the functional roles of *3a* and other SARS-CoV viral gene products in vivo.

Appendix A. Supplementary data {#app1}
==============================
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[^1]: Strengths of modification: NM, no modification; Su(++), strong suppressor; Su(+), weak suppressor; E(−), weak enhancer.

[^2]: Description of "Molecular Function" was adapted from FlyBase reports (<http://www.flybase.net/>).

[^3]: Based on information obtained from the NCBI UniGene database.
